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Abstract Various Pd amounts (5 and 20 %wt) were chemically deposited on two
different carbon materials (activated carbon and carbon black). Support materials
were characterized using low-temperature N2 adsorption and FTIR spectroscopy.
SEM images and X-ray diffraction patterns were obtained for the samples tested.
Cyclic voltammetric curves in 0.1 M H2SO4 were recorded over a variable sweep
potential range for carbon materials with and without Pd. For comparison, the same
electrochemical measurements were performed for powdered palladium. The
hydrogen electro-oxidation potential decreased and the removal of adsorbed
hydrogen by activated carbon-supported palladium was facilitated, which enables
these systems to be used as anodes in hydrogen–oxygen fuel cells.
Keywords Cyclic voltammetry  Carbon powder electrode 
Carbon supported Pd  XRD  SEM
Introduction
Palladium supported carbon materials (activated carbon, carbon fibres, carbon
black, nanotubes) are highly suitable catalysts for several chemical and
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electrochemical reactions [1–13]. Relevant concerns regarding the preparation of
efficient Pd catalysts include the effects of support pretreatment, reducing agents,
surfactants and electrode preparation. Attempts have been made to obtain highly
active catalysts in order to achieve optimal efficiencies at low metal loadings. Other
work has demonstrated the high activity of carbon-black-supported Pd (promoted
with Ru) for hydrogen peroxide electroreduction, which makes this system
promising as a cathode catalyst for fuel cells using H2O2 as oxidant [14]. Numerous
electrochemical studies of Pd/C systems were performed [2, 3, 5, 8, 10, 12–15] to
explore the surface-active states (or sites) of dispersed Pd in various electrolyte
solutions. This seems to be the most active electrocatalyst for the anodic oxidation
of various organics in low pH solution [16, 17]. Interest in Pd electrochemistry has
arisen because of its ability to absorb hydrogen evolved during cathodic
polarization. Evolution of H2 and the saturation of the metallic phase by the gas
should depend on Pd dispersion and its interaction with the carbon support.
Differences in the electrochemical behavior of Pd/C-based electrodes were due to
the electronic conductivity and structural properties of the catalysts supported on
different carbon materials [5]. The effects of increasing the content of palladium
deposited on carbon materials (from 2 to 10%) on the shape of CV curves were
studied in acidic solution [2, 18]. At low catalyst loadings, a multiplicity of peaks
appears in the hydrogen region in the cathodic and anodic branches. The influence
of surface functional groups of the carbon support on palladium dispersion and
catalytic activity in hydrogen oxidation was also assessed [19]. However, the
literature data relating to the influence of oxygen-containing surface groups on these
phenomena are inconsistent [20]. Generally, thermal pre-treatment is often found to
be a dominant factor in determining Pd dispersion on a carbon surface.
The objective of this article was to attempt to explain the electrochemical
behavior of systems consisting of two kinds of carbon support with various amounts
of deposited palladium. The carbon materials used have various surface properties
and different porosities. Here, we aim to evaluate the influence of electrode material
composition on hydrogen evolution potential, the oxidation of hydrogen and
palladium, and the reduction of palladium oxides in acidic electrolyte solution.
Experimental
Materials preparation
Two types of starting carbon materials were used in the experiments: Norit RO 08
activated carbon (AC) and XC-72 (Vulcan) carbon black (CB). AC was previously
heat-treated at 1700 C in a helium atmosphere and then demineralized [21, 22],
while CB was used as received. Palladium was deposited by the impregnation of
carbon materials as in the method described by Jackson and Shaw [23]. Sufficient
palladium(II) chloride solution was added to a quantity of carbon material and fixed
at 90 C for 1 h to thoroughly wet the material and achieve a proper loading (5 and
20 %w/w of Pd deposited on carbon material). Then lithium hydroxide was added
and the whole mixture was fixed for a further 3 h. The resulting solid was collected
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by filtration, then washed with acetic acid solution and finally dried under vacuum at
60 C for 6 h. The materials were reduced at 200 C for 1 h under stream of
hydrogen. The samples were denoted by unified symbols that specified the kind of
carbon used (AC and CB) and the content of Pd (in wt%).
Material characterization
Textural characterization of the tested materials was carried out by N2 adsorption
isotherm at 77.4 K. FTIR spectra of the carbon supports were recorded on a FTIR
Spectrum 2000 Perkin-Elmer (USA) spectrometer using the KBr pellets technique.
Standard pH measurements of a carbon slurry in a neutral electrolyte (0.1 M
NaNO3) as well as neutralization of the carbon surface using 0.1 M NaOH and
HNO3 were used to evaluate the surface chemistry of the support materials.
Ex situ X-ray diffraction (XRD) and scanning electron microscope (SEM)
investigations were carried out to characterize the starting and impregnated
materials. The X-ray diffraction patterns were obtained in the 20 = 5–50 range for
powdered samples, using the CuKa radiation and HZG-3 powder diffractometer,
controlled by IBM PC unit.
Scanning electron microscopy (SEM) images were obtained using a scanning
electron microscope SEM 515 made by Philips (Netherlands) under the following
conditions: working distance of 14 mm, accelerating voltage of 15 kV and digital
image recording DISS.
To make a quantitative check of the Pd content, an XRF analysis of the materials
obtained was done using a Canberra Packard-ND-Data apparatus. This analysis
showed that desirable amounts of Pd were obtained with an accuracy of nearly to
two percent (5 ± 0.1 and 20 ± 0.4%).
Cyclic voltammetry
The cyclic voltammetry measurements were done with an Autolab (Eco Chemie)
modular electrochemical system equipped with a PGSTAT 10 potentiostat driven by
GPES3 software, and the typical three-electrode electrochemical cell similar to that
presented in one of our earlier studies [24]. The working, counter and reference
electrodes were a powdered electrode, a Pt wire and a saturated calomel electrode
(SCE), in order. The working electrode design is the same as that used and described
earlier [24]. After vacuum desorption (10-2 Pa), the powdered sample (mass
100 mg) was placed in an electrode container and drenched with a de-aerated 0.1 M
H2SO4 solution to obtain a 3–5 mm sedimentation layer. After assembly, the
electrochemical cell was de-aerated until the potentiometric response (Est) of the
working electrode had stabilized (20 h). Next, cyclization (scan rate 5 mV s-1) was
carried out, and CV curves were recorded when their shape was reproducible (no
change in repeated CV scans) [25]. The potentials for hydrogen evolution were
determined by independently prepared electrodes. The CV curves were recorded for
various potential ranges: the cathodic part between 0.4 V and a different potential in
hydrogen region (up to -0.4 V); the anodic part between -0.4 V and a different
potential in the oxygen region [26].
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Results and discussion
Specific surface areas (SBET), micropore and mesopore volumes (Vmi and Vme) as
well as mesopore surface areas (Sme) calculated from nitrogen adsorption isotherms
of the carbon samples (Fig. 1) are summarized in Table 1. The surface area of the
CB is much larger than that of sample AC. High temperature treatment caused a
Fig. 1 Low-temperature N2 adsorption isotherms for carbon supports (AC, CB) and activated carbon
supported palladium systems (AC-5% Pd, AC-20% Pd)











AC 89 0.045 0.106 46 4.72 0.09/0.22
AC-5% Pd 47 0.028 0.066 28 – –
AC-20% Pd 6 0.003 0.005 1.5 – –
CB 233 0.121 0.169 131 8.53 0.18/0.04
CB-20% Pd 200 0.112 0.159 98 – –
* 1 g AC (CB) in 100 cm3 0.1 M NaNO3 (pH 6.29)
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drastic decrease in the porosity of the starting activated carbon (Norit RO 0.8) [21,
22]. The textural changes in heat-treated activated carbon were studied and
discussed earlier for wide temperature range [27]. For temperatures below 1800 C,
the gradual decrease of surface area and microporosity is observed. Above these
temperature, the drastic collapse of porosity takes place [27]. On the other hand,
thermal treatment near these temperatures can enhance the catalytic activity of the
metal/activated carbon system [21, 22]. Both tested materials exhibit a 1.5–2.5 times
higher mesopore than micropore volume (in contrast to typical activated carbons).
FTIR spectra (Fig. 2) of the carbon materials after subtraction of the KBr pellet
spectrum and the arbitrarily selected background (sigmoid line) of the IR absorption
edge do not show the presence of active surface oxides. The relatively small bands
of structural oxygen (C–O–C) moieties (near 1100 cm-1) and surface OH
(3350 cm-1) indicate only slight oxidation of the surface as a result of aeration at
ambient temperature. The pH of the carbon slurry (Table 1)—slightly basic (CB) or
acidic (AC)—as well as the neutralization results point to the absence of oxygen-
containing surface functional groups.
Fig. 2 FTIR spectra of carbon supports
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The topography of carbon materials with and without Pd deposits was investigated
using scanning electron microscopy. SEM images for all samples (magnification 15
kX) are presented in Fig. 3. It can be seen that the morphology of the starting materials
exhibit typical differences—AC (image AC) is a matrix of defected graphite-like
microcrystallites, while CB (image CB) shows agglomerates of spheroidally shaped
particles. Palladium deposited on the AC-5% Pd surface (image AC-5% Pd) gives
isolated metallic clusters of linear size smaller than 1 lm. Increasing the Pd content
(image AC-20% Pd) does not enlarge clusters; the entities are still isolated, although
they are now located closer to one another. The metal deposited on the CB surface
(images CB-5% Pd and CB-20% Pd) creates ramified entities that have grown into the
Fig. 3 SEM images of the samples tested
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carbon structure. Metal deposition leads to significant changes in the porous structure
of the materials obtained. The isotherms of low temperature N2 adsorption on
activated carbon supported palladium samples exhibit strongly decreasing values of
surface area (SBET), micropore volume (Vmi) and mesopore area (Sme), see Table 1.
The deposition of 20% of palladium almost completely filled the porous structure of
the activated carbon support. For carbon black samples, the decrease in these
parameters after metal deposition proved to be very much smaller (Table 1).
X-ray diffraction patterns for the activated carbon and carbon black samples in
selected ranges (2h between 37–41 and 45–50) are shown in Fig. 4. In the case of
the AC (lines AC, AC-5% Pd, AC-20% Pd), the peaks corresponding to bulk
Pd(111) with 2h near 40.1 and Pd(200) with 2h near 46.6 (attributed to a face-
centered cubic (fcc) structure) [5, 15] are much smaller than those of the CB
samples (lines CB, CB-5% Pd, CB-20% Pd) with the same Pd content. For these
carbon materials, the height of both peaks rises with increasing Pd-content. In AC
samples, the deposited Pd filling up the porous structure of the support probably
Fig. 4 XRD patterns of the samples tested
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creates a more dispersed phase, whereas on carbon black, it forms metallic
microcrystallites. Generally, XRD data suggest that the average particle size of Pd
deposited on CB is larger than that deposited on AC.
The potentiometric response (Est) in 0.1 M H2SO4 solution for electrodes AC and
CB after Pd deposition becomes more positive and closer to the values*obtained
with a powdered Pd electrode (Table 2). These values are higher for the AC samples
(with and without Pd) than for the CB samples. The differences between the
potentials of these materials (with the same Pd content) decreases from 111 mV
(samples without Pd) to 36 mV (samples with 20% Pd).
CV curves were recorded for all the electrode materials tested at various cathodic
or anodic reverse potentials until the evolution of gaseous hydrogen or oxidation of
carbon took place respectively. The anodic and cathodic parts of the CV curves were
recorded independently (Figs. 5, 6). The substantial effect of the double layer
(Cdl increase, see Table 2) was observed; this is not the case with standard electrodes
[28, 29]. But the electrode materials studied here seem to resemble the electrode
systems used in fuel cells. The hydrogen evolution potentials (Table 2) for electrodes
from both support materials and Pd/C systems are more negative than for the Pd
powder electrode, but in the case of the CB samples, the values are even more
negative. Increasing the Pd content gives less negative potential values. Figs. 5 and 6
show the cathodic parts of the cyclic voltammograms for the AC and CB samples,
respectively, without and with deposited Pd recorded from ?400 mV (vs. SCE) to
various negative reverse potentials (-150, -200, -300, -400 mV). These
measurements enable the changes in hydrogen electroreduction and oxidation to
be tracked. The gradual increase of reverse potential in activated carbon supported
palladium samples causes the successive appearance of double reduction (c) and
oxidation (a,a0) peaks (Fig. 5). The curves recorded at the maximal potential range
show the peak reduction (ca 270 mV) of the hydrogen ions (in the adsorption layer)
and hydrogen evolution wave (hydrogen absorption). As a response, there are two
anodic peaks: the first (a), in the range from -220 mV (AC) to -80 mV (AC-20%
Pd), corresponds to the oxidation of adsorbed/absorbed hydrogen, while the second
one, (a’, only for 20% Pd-containing electrodes) in the potential region from -80 to
-20 mV, is ascribed to the oxidation of chemisorbed hydrogen [2, 30]. Peak currents
depend strongly on the amount of metal supported on carbon. Higher capacity
Table 2 Response potentials
(Est), H2 evolution potentials
(EH2) and electric double layer
capacity (Cdl) for powdered
electrodes prepared from carbon
materials-supported Pd
*For potential ?0.2 V
Est mV EH2 mV Cdl
* Fg-1
Pd (powder) ?559 -20 5.5
AC
0% Pd ?443 -320 2.5
5% Pd ?495 -260 3.1
20% Pd ?538 -230 6.0
CB
0% Pd ?332 -390 15.0
5% Pd ?456 -320 15.5
20% Pd ?502 -300 17.5
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currents were recorded with electrodes prepared from carbon black (Fig. 6), which
may have been due to its larger specific surface area (ca 2.5 times). Only a broad
hydrogen oxidation peak (a) appears with Pd-containing electrodes at a potential of
-40 mV (CB-5% Pd) or -20 mV (CB-20% Pd). In this case, the peak current
depends only slightly on the amount of metal. The cyclic voltammograms recorded
for powdered Pd electrodes (Fig. 7) exhibit a broad peak (or two overlapping peaks)
in the potential range from 0 to ?80 mV. Two possible models of the electro-
oxidation of the hydrogen evolved at the cathodes are discussed in the literature [31].
According to the first one, hydrogen dissolved in the subsurface layer of palladium
plays the main role during electro-oxidation [31]. In the second one [32], the
transition between the a- and b-phases of sorbed electroreduced hydrogen has to be
Fig. 5 Cyclic voltammograms
of activated carbon based
electrodes at rising cathodic
reverse potentials
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taken into consideration. Thus, one can assume the possible mechanism of electrode
processes in the cathodic branch of activated carbon-supported palladium systems to
be:
Reduction
AC þ Hþ þ e ! AC=Hads ð1Þ
and=or AC=Pd þ Hþ þ e ! AC=Pd=HadsAC=Pd=HabsAC=Pd=Hchem
ð2Þ
Oxidation
peak að Þ AC=Hads ! AC þ Hþ þ e Ea ¼ 220mV ð3Þ
AC=Pd=Hads ! AC=Pd þ Hþ þ e Ea ¼ 200mV ð4Þ
Fig. 6 Cyclic voltammograms
of carbon black based electrodes
at rising cathodic reverse
potentials
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AC=Pd=Habs ! AC=Pd þ Hþ þ e Ea ¼ 80mV ð5Þ
peak a0ð Þ AC/PD/Hchem ! AC/Pd + Hþ þ e Ea0
¼ 60 mV Pd 5%ð Þ; Ea0 ¼ 20 mV Pd 20%ð Þ ð6Þ
With electrodes prepared from carbon black and powdered palladium electrode,
only the electro-oxidation of adsorbed/absorbed hydrogen take place according to
reaction (5).
A comparison of the dominant hydrogen electro-oxidation potentials for AC-20%
Pd (Fig. 5), CB-20% Pd (Fig. 6) and powdered Pd (Fig. 7) electrodes (-80, -20
and 80 mV, in order) shows that the presence of a carbon (especially activated by
thermal pre-treatment) support decreases the oxidation potential of electrochemi-
cally generated hydrogen, which energetically facilitates the removal of gaseous
hydrogen from the electrode material.
According to literature data [19] and our XRD results on thermally pre-treated
activated carbon, a more dispersed metallic palladium phase is formed. Thus, Pd
dispersion shifts the hydrogen electrooxidation potential to more positive values.
The amount of deposited Pd also influences electrooxidation probably because of
the chemisorption of some of the electrochemically evolved hydrogen [2].
In order to evaluate the influence of the electro-oxidation of palladium (and
possibly the carbon support) on the electroreduction–oxidation of hydrogen, CV
curves were recorded over an extended anodic potential range (up to 700 mV vs.
SCE). Figs. 8, 9 and 7 (dashed lines) show the anodic parts of the voltammograms
for activated carbon and carbon black-supported Pd as well as powdered Pd,
respectively. No electro-oxidation is observed with the AC electrode (curves AC,
Fig. 7 Cyclic voltammograms
of a powdered Pd electrode at
rising cathodic (solid lines) and
anodic (dashed lines) reverse
potentials
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Fig. 8), but the presence of Pd gives rise to oxidation peaks (a) and an overlapping
double reduction peak (curves AC-5% Pd and AC-20% Pd, Fig. 8). Carbon black is
not electrochemically oxidized (curves CB, Fig. 9), but the presence of Pd gives
only an indistinct anodic wave and cathodic response (curves CB-5% Pd and
CB-20% Pd, Fig. 9). In comparison, the powdered Pd electrode (Fig. 7) behaves in
much the same way as described in the literature [2, 3, 10, 15, 33]. There is a
Pd/Pd2? couple with an anodic peak potential of ca 600 mV vs. SCE and a cathodic
peak potential of ca 350 mV vs. SCE with all the carbon electrodes tested. The
double cathodic peak present on the CVs of activated carbon-supported palladium
systems indicates the presence of various forms of palladium oxides on the activated
Fig. 8 Cyclic voltammograms
of activated carbon based
electrodes at rising anodic
reverse potentials
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carbon surface [34, 35]. Palladium electro-oxidation does not affect the oxidation or
reduction of hydrogen during cathodic polarization for AC (see Figs. 5, 8) and
CB-based electrodes (see Figs. 6, 9). During both cathodic and anodic polarization
(curves 3 in Figs. 5, 8) the AC-20% Pd electrode behaves in the same way as a
powdered Pd electrode (Fig. 7). This confirms our earlier suspicion that in this
sample, the surface of carbon support accessible to an electrolyte is almost totally
covered by the metallic phase (Table 1).
Conclusions
Electrochemical studies indicate that activated carbon (specially prepared) used as a
support for dispersed palladium lowers the hydrogen electrooxidation potential of
electrochemically generated hydrogen, which makes it energetically easier to
remove adsorbed hydrogen from electrode materials. This diminished potential
affects the electromotive force of the hydrogen fuel cell. Moreover, broadening the
potential range in the anodic direction does not disrupt the electrochemical activity
of the electrode. These facts are important as regarding the selection of carbon
materials to be used as supports for active metallic phases in anodic systems in
hydrogen–oxygen fuel cells.
Fig. 9 Cyclic voltammograms
of carbon black based electrodes
at rising anodic reverse
potentials
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